Airway smooth muscle cells (ASMCs) are phenotypically regulated to exist in either a proliferative or a contractile state. However, the influence of other airway structural cell types on ASMC phenotype is largely unknown. Although epithelial cells are known to drive ASM proliferation, their effects on the contractile phenotype are uncertain. In the current study, we tested the hypothesis that epithelial cells reduce the contractile phenotype of ASMCs. To do so, we measured force production by traction microscopy, gene and protein expression, as well as calcium release by Fura-2 ratiometric imaging. ASMCs incubated with epithelial-derived medium produced less force after histamine stimulation. We observed reduced expression of myocardin, a-smooth muscle actin, and calponin within ASMCs after coculture with epithelial cells. Peak calcium release in response to histamine was diminished, and depended on the synthesis of cyclo-oxygenase-1 products by ASM and on prostaglandin E receptors 2 and 4. Together, these in vitro results demonstrate that epithelial cells have the capacity to coordinately reduce ASM contraction by functional antagonism and by reduction of the expression of certain contractile proteins.
Excessive airway narrowing is a key feature of asthma, and there are several potential mechanisms that may account for this phenomenon. A frequent finding that could account for excessive bronchoconstriction is airway wall remodeling (1) . In particular, an increased mass of airway smooth muscle (ASM) is associated with asthma (2), and its contraction leads to airway narrowing. Whether the contractile properties of ASM are altered in asthma has been an elusive question, and recent publications still provide contradictory evidence (3) (4) (5) . Nevertheless, the contractile phenotype of the human ASM cell (ASMC) could also be modulated by other tissues in vivo. The airway epithelium has been implicated as an important driving force of asthma pathogenesis (6) through the secretion of many proremodeling factors, such as chemokines (7) and growth factors (8) . ASM proliferation may be stimulated by mediators derived from the nearby epithelial tissue (9) .
Maturation and differentiation of ASMCs is marked by expression of contractile apparatus proteins (10) and associated nuclear translocation of the cotranscription factor, myocardin, which acts in concert with serum response factor (SRF) (11) . Myocardin competes for SRF binding with the proproliferative cotranscription factors, ETS domain-containing protein Elk-1 and Kruppel-like factor 4 (12, 13) . Smooth muscle cells that are actively proliferating downregulate proteins of the contractile apparatus, such as a-smooth muscle actin (a-SMA) and calponin (14) . Logically, in driving proliferation, epithelial cells might also downregulate the contractile phenotype, as reflected in the expression of contractile proteins and in transcription factors controlling these same proteins.
Epithelial influence on ASM contractile phenotype is largely unexplored, and, given the importance of these tissues in mediating asthma pathogenesis, a better understanding of their interactions may lead to novel insights regarding this complex disease. Here, we used coculture techniques or treatment of ASMCs with epithelial conditioned medium to explore epithelial regulation of ASM contractile properties. Given the critical role of calcium ions in the initiation of cross-bridge cycling, we explored the effects of epithelial coculture on calcium release within ASMCs triggered by histamine, a biogenic amine of relevance to asthma exacerbations (15, 16) . Intracellular calcium concentration is tightly regulated, and its release upon histamine stimulation depends on proteins regulating histamine receptor signal transduction (17) , calcium handling proteins, and second messenger signaling mechanisms, such as cyclic adenosine monophosphate (cAMP) generation within the cell (18) . prostaglandin (PG) E 2 is a known airway relaxant (19) secreted by the epithelium (20) , and it stimulates cAMP within ASMCs (21) . As such, we considered it a possible candidate for any observed changes in contractility of ASM. We addressed whether the effects of epithelial cells on ASMCs involved the synthesis of factors associated with relaxation by ASM itself and acting in an autocrine manner.
Materials and Methods

Reagents
Histamine dihydrochloride (1 mM), collagenase type IV from Clostridium histolyticum, general cyclo-oxygenase (COX) inhibitor, indomethacin (3 mM), and the COX-2-specific inhibitor, celecoxib (100 nM), were obtained from Sigma-Aldrich (St. Louis, MO). The specific COX-1 inhibitor, 5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-trifluoromethyl pyrazole (100 nM), was purchased from Cayman Chemical (Ann Arbor, MI 
Cell Culture
Primary human ASMCs and normal human bronchial epithelial (NHBE) cells were obtained from central airways (lower trachea or proximal bronchi) with institutional ethics approval. BEAS-2B cells were obtained from ATCC (Manassas, VA). Cells were placed in coculture, or conditioned medium from epithelial cells was used to stimulate ASMCs, as described in the supplemental MATERIALS AND METHODS.
RT-qPCR
mRNA was extracted from ASMCs (Qiagen, Valencia, CA). Reverse transcription was performed on 100 ng of total RNA with AffinityScript qPCR cDNA synthesis kit (Agilent Technologies, Santa Clara, CA). qPCR was performed using iTaq SYBR green supermix (Bio-Rad Laboratories, Hercules, CA). Primer sequences are reported in Table 1 . Amplification of cDNA was performed using a StepOnePlus RealTime PCR system (Applied Biosystems, Foster City, CA). Relative mRNA expression was calculated using the DDCt method, and all gene expression was normalized to S9.
Bromo-Deoxyuridine Proliferation Assay
Bromo-deoxyuridine (BrdU) was added to BEAS-2B:ASMC coculture 18 hours before harvesting and staining for BrdU positivity by flow cytometry, according to manufacturer's protocol (BD Biosciences, Franklin Lakes, NJ).
cAMP Assay ASM intracellular cAMP concentration was measured as per manufacturer's protocol (Cyclic AMP XP Assay Kit; Cell Signaling Technology, Danvers, MA). To prevent the degradation of cAMP, cells were incubated with 0.5 mM 3-isobutyl-1-methylxanthine. Lysis buffer was supplemented with 0.5 mM 3-isobutyl-1-methylxanthine.
Western Blot
Primary antibodies included anti-a-SMA (1A4, 1:1,000; Sigma-Aldrich) and antiglyceraldehyde 3-phosphate dehydrogenase (6C5, 1:3,000; EMD Millipore, Billerica, MA). Membranes were incubated with secondary antibodies for 1 hour at room temperature before development using chemiluminescence (Bio-Rad Laboratories) and imaging. Image J (National Institutes of Health, Bethesda, MD) was used to quantify band density.
Measurement of Intracellular Calcium
ASM intracellular calcium responses to 1 mM histamine were measured as previously described (22) (see supplemental MATERIAL AND METHODS). Fluorescence intensity ratios (340:380) were converted to calcium concentrations, as previously described, using Grynkiewicz's equation (23) . 
Traction Microscopy
ASMC traction force responses to 1 mM histamine were measured as previously described (24) (see supplemental MATERIALS AND METHODS). Data are presented as a fold change in root mean square traction between baseline and posthistamine treatment, as previously described (24) .
Statistical Analysis
See supplemental MATERIALS AND METHODS.
Results
Epithelial Cells Reduce Agonistinduced Calcium Release in ASMCs
Intracellular calcium release is an important step in the initiation of cross-bridge cycling in ASMCs. We therefore examined the effect of epithelial coculture on histamine-induced calcium release to determine whether epithelial cells had the ability to diminish agonist-induced excitability. After 24 hours of coculture with either BEAS-2B ( Figure 1A ) or NHBE cells ( Figure 1B ), peak calcium responses to stimulation with 1 mM histamine were diminished. Because both primary and BEAS-2B cells reduced the excitability of ASMCs, we performed future experiments with BEAS-2B cells.
Calcium Release Is Not Transcriptionally Regulated
Given the observation that epithelial cells reduce ASMC excitability, we explored how this reduction is regulated. Calcium release may be regulated transcriptionally via alterations in proteins affecting calcium release or uptake intracellularly. However, we observed no reduction in the expression of mRNA of the histamine receptor ( Figure 2A ), in the proteins, phospholipase C-b ( Figure 2B ), inositol trisphosphate receptor ( Figure 2C ), or an increase in the expression of the calcium-reducing sarcoplasmic reticulum Ca
21
-ATPase pump ( Figure 2D ). There was an increase in cyclic ADP ribose hydrolase ( Figure 2E ) mRNA after coculture, a finding that cannot explain the reduction in intracellular calcium release, as cyclic ADP ribose hydrolase is associated with increased activation of the calciumreleasing ryanodine receptor (25) . These data indicate that the reduction in histamine-stimulated calcium release is not transcriptionally regulated by calcium handling proteins.
ASMC Phenotype Is Altered after Coculture with Epithelial Cells
Because we observed reduced excitability of ASMCs after coculture with epithelial cells, we wished to investigate the role of transcriptional regulation in the reduction of the contractile phenotype after coculture with epithelial cells. To do this, we explored a variety of proteins associated with the contractile phenotype. Myocardin, the master regulator of contractile apparatus proteins (26) , had reduced transcript expression after coculture with BEAS-2B cells ( Figure 3A) . We examined downstream targets of myocardin, observing a reduction in mRNA of a-SMA ( Figure 3B ) and calponin ( Figure 3C ), and a downward trend of myosin light-chain kinase ( Figure 3D ). Primer sequences used to probe gene expression are presented in Table 1 . Furthermore, a-SMA protein was reduced after 96 hours of coculture with BEAS-2B cells ( Figure 3E ).
Because airway epithelial cells have been previously reported to induce a proliferative phenotype of ASMCs (9), we examined if this also occurred in our system. To test the rate of proliferation after coculture, we incorporated BrdU into the cultures 18 hours before the end of the 24-hour coculture with BEAS-2B cells, then measured BrdU-positive cells by flow cytometry. Indeed, we observed an increased proliferative phenotype ( Figure 3F ). Furthermore, we observed an increase in mRNA for ETS domaincontaining protein Elk-1 within ASMCs after 24-hour coculture with BEAS-2B cells ( Figure 3G ). We observed no difference in the expression of Kruppellike factor 4 ( Figure 3H ) or SRF ( Figure 3I ). These results further confirm a phenotypic change of ASMCs after epithelial coculture.
Airway Epithelial Cells Reduce Histamine-induced Contraction
Given the observed reduction in both excitability and gene expression of contractile apparatus proteins within ASMCs after coculture with epithelial cells, we probed for a functional consequence by measuring contractile force in vitro by traction force microscopy. Cells were stimulated to contract with 1 mM histamine. ASMC cells that had been treated with conditioned medium derived from NHBE cells for 24 hours demonstrated less force generation than those that had been incubated with control starvation medium (Figure 4 ). This reduced force generation confirmed the reduction in the contractile phenotype observed in ASMCs.
PGE 2 Diminishes Agonist-induced Calcium Release in ASMCs
Because we did not detect diminished gene expression of calcium handling proteins, we examined an alternative pathway implicated in calcium regulation. We explored the role of arachidonic acid metabolites as possible functional antagonists of calcium release. Several prostanoids stimulate the synthesis of cAMP within ASMCs that can reduce calcium transients and diminish tone. RT-qPCR data indicated an increase in the PGE 2 -producing enzymes, COX-2 ( Figure 5A ) and membrane-associated PGE synthase-1 ( Figure 5B ) within the ASMCs after coculture with BEAS-2B cells. Incubation of ASMCs for 24 hours with BEAS-2B conditioned medium increased the concentration of intracellular cAMP within the ASMCs ( Figure 5C ). To examine the plausibility of a role for PGE 2 in regulating ASMC calcium responses to histamine stimulation, we pretreated the cells with 10 mM PGE 2 before stimulation with histamine. Pretreatment of ASMCs with PGE 2 diminished the agonist-induced peak calcium concentration ( Figure 5D ). These data indicate that epithelial cells induce the up-regulation of enzymes associated with PGE 2 synthesis in ASMCs as well as the downstream signaling molecule, cAMP.
Reduction in Calcium Release by Epithelial Cells Is Dependent on ASMC COX-1
We next examined whether the inhibition of COXs restored epithelial-reduced ASMC excitability, as these enzymes determine PGE 2 synthesis from arachidonic acid. ASMCs were pretreated for 24 hours with the nonselective COX inhibitor, indomethacin. COX inhibition restored the reduction in agonist-induced peak calcium release caused by BEAS-2B cell conditioned medium, indicating the role of a COX metabolite in reducing ASMC excitability ( Figure 6A ). To prevent confounding by inhibition of COX within the epithelium, we used conditioned medium from epithelial cells rather than coculture. This allowed the drug treatment to inhibit its target within the ASMCs alone. Furthermore, the BEAS-2B conditioned medium mimicked the data observed in the BEAS-2B coculture model ( Figure 1A) . Next, we examined the inducible COX isoform, COX-2, by inhibition with the selective COX-2 inhibitor, celecoxib. Pretreatment of ASMCs with celecoxib did not restore the excitability after incubation with BEAS-2B conditioned medium ( Figure 6B ). Because indomethacin restored excitability after incubation with conditioned medium, we reasoned that this effect must be mediated by COX-1. Treatment with the COX-1-specific inhibitor, SC560, restored ASMC excitability after treatment with conditioned medium of BEAS-2B cells ( Figure 6C ). These data indicate that airway epithelial cell-dependent reductions in ASMC calcium release after agonist stimulation are mediated by the synthesis of COX-1 products by ASMCs. The idea of an epithelial-derived relaxing factor is not a novel concept. Others have shown that tissue preparations contract more when the airway is denuded of its epithelial layers (27) . Much of this work followed the discovery of endothelial-derived nitric oxide and its role in vascular tone (28) . To examine the effect of epithelial mediators on ASMC contractions, we used traction microscopy, an assay based on measuring the displacement of the elastic substratum by cellular contractile force, as previously described (24) . The effect of NHBE conditioned medium on baseline traction was negligible in our studies, but there was a demonstrable reduction in histamineinduced force generation by the ASMCs when treated with medium derived from primary NHBE cells. Although others have explored the concept of a direct effect of an epithelial-derived relaxing factor on ASM, we wished to further determine whether the relaxant effects on ASM could be accounted for by functional antagonism of contraction, or whether the contractile phenotype of ASM was per se affected. To do this, we examined the expression of contractile apparatus genes. Among the genes that were significantly diminished in expression after coculture with epithelial cells was myocardin. Myocardin is a cotranscription factor and driver of the contractile phenotype in ASMCs (26) . Although it is currently unknown if it is altered in human asthmatic ASM, myocardin nuclear staining in ASMCs was associated with equine asthma (29) . In addition to decreased expression of myocardin, we also observed a reduction in transcripts and protein for the myocardin-dependent genes, a-SMA and calponin. It is likely, therefore, that the reduced expression of these genes plays a role in the attenuated force production upon histamine stimulation.
We observed also that both BEAS-2B and NHBE cells reduced the excitability of ASMCs, as reflected in peak calcium release, when stimulated by histamine. Although the modulation of force can be mediated through a variety of pathways (30, 31) , the concentration of intracellular calcium is coupled to the magnitude of force production in smooth muscle cells (32) . Due to reduced intracellular calcium release by agonist stimulation after coculture, we anticipated a possible reduction in calcium handling proteins, which we hypothesized would have mediated this effect. However, we found no transcriptional change in several key enzymes, leading us to explore (37) , which provides further evidence supporting the relaxant effect of this prostanoid. PGE 2 also increases cAMP production within these cells (38) , a molecule (cAMP) that has been described to target the inositol trisphosphate receptor in ASMCs, thereby causing a reduction in calcium mobilization (39) . b-agonist treatment for asthma exacerbation relies, in part, on G-protein coupled receptor generation of cAMPinduced calcium inhibition. cAMP can also activate protein kinase A in these cells, and may further reduce the contractile phenotype through altered calcium sensitization of the contractile apparatus (40) . A recent study demonstrated that epithelial-induced ASMC migration was diminished when cells were treated with cAMP-elevating agents (41), adding further evidence of the importance of this second messenger in mediating epithelial-ASMC interactions. Given the observed induction of COX-2 by conditioned medium, we expected that its inhibition might account for the restoration of the calcium responses to histamine by the nonspecific COX inhibitor, indomethacin. However, this was not the case, and, rather, treatment with a specific COX-1 inhibitor mimicked the effect of indomethacin. COX-1, a constitutively expressed protein, has been implicated in generating PGE 2 in human ASMCs (42) and, recently, it was demonstrated that COX-1 products mediate the relaxing effect of glucagon on tracheal tissue preparations (43) . Similarly, selective COX-1 inhibition prevented tracheal ring relaxation of murine airways by proteinase-activated receptor-2 agonism (44). Furthermore, the selective inhibitor of COX-1, SC560, augmented histamine-triggered tracheal ring contractions (45) . Our data provide further evidence that SC560 may increase the responsiveness of ASM to a contractile agonist. Although the inducible isoform of COX-2 is often described to modulate inflammatory processes, others have provided evidence supporting a role of COX-1 in driving asthmatic responses (46) . Besides exploring the molecular physiology of PGE 2 -mediated effects on ASMCs, there have been clinical investigations examining the efficacy of this prostanoid as a therapeutic agent. The fall in forced expiratory volume in 1 second by allergen challenge in patients with asthma was prevented by inhalation of PGE 2 before challenge (47) . Another study demonstrated that inhalation of this prostanoid can cause an initial bronchoconstriction, followed by potent dilation in healthy control subjects (48) . In the rat, PGE 2 has been shown to reduce cysteinyl-leukotriene production and Th2 activation after allergen challenge, demonstrating a role of this molecule as an immunomodulatory agent for the treatment of allergic asthma (49) .
In conclusion, this study shows that the epithelium modulates ASMCs away from the contractile phenotype, a phenomenon that likely is linked to the previously described increase in the proliferative phenotype (9) . The reduced excitability of these cells is not transcriptionally regulated, but, rather, depends on the stimulation of the synthesis of PGE 2 by COX-1. There was also a coordinate reduction in contractile gene expression, as we observed a diminution in myocardin, the master regulator of transcriptional apparatus proteins, and reduced transcripts of contractile apparatus genes, as well as reduced a-SMA protein. The exploration of this epithelial-ASM interaction will be important to extend to the examination of cells derived from subjects with asthma, as these cells retain significant differences in properties ex vivo (50) . Future work exploring the secretome of airway epithelial cells will be necessary to determine the soluble factor(s) responsible for the diminished ASMC contractility described here. Possible candidates include epithelial-derived nitric oxide, PGE 2 , proinflammatory cytokines, or neurotransmitters, and the detailed exploration of these mediators will further clarify the interaction of these cell types. n 
